Identifying the signature and targets of local adaptation is an increasingly important goal in empirical population genetics. Using data from 443 balsam poplar Populus balsamifera trees sampled from 31 populations, we tested for evidence of geographically variable selection shaping diversity at 27 homologues of the Arabidopsis flowering-time network. These genes are implicated in the control of seasonal phenology, an important determinant of fitness. Using 335 candidate and 412 reference single nucleotide polymorphisms (SNPs), we tested for evidence of local adaptation by searching for elevated population differentiation using F ST -based outlier analyses implemented in BayeScan or a Hierarchical Model in Arelquin and by testing for significant associations between allele frequency and environmental variables using BAYENV. A total of 46 SNPs from 14 candidate genes had signatures of local adaptation-either significantly greater population differentiation or significant covariance with one or more environmental variable relative to reference SNP distributions. Only 11 SNPs from two genes exhibited both elevated population differentiation and covariance with one or more environmental variables. Several genes including the abscisic acid gene ABI1B and the circadian clock genes ELF3 and GI5 harbored a large number of SNPs with signatures of local adaptation-with SNPs in GI5 strongly covarying with both latitude and precipitation and SNPs in ABI1B strongly covarying with temperature. In contrast to several other systems, we find little evidence that photoreceptors, including phytochromes, play an important role in local adaptation. Our results additionally show that detecting local adaptation is sensitive to the analytical approaches used and that model-based significance thresholds should be viewed with caution.
Introduction
Species with ranges spanning strong environmental gradients experience spatially heterogeneous selection pressures, often leading to local adaptation of ecologically important traits. For decades, the study of local adaptation has been a cornerstone of ecological quantitative genetics (Clausen and Hiesey 1958; Ford 1964; Antonovics 1976; Kawecki and Ebert 2004) , and substantial evidence supports the conclusion that populations often attain the highest mean fitness in their native environment (Leimu and Fischer 2008; Hereford 2009 ). Local adaptation is thus highly likely to shape nucleotide and genomic diversity, yet it is still understudied in population genetics relative to searches for specieswide selection. Recently, however, more attention has been focused on discovering and identifying the genetic targets of local selection. For example, in humans, genes underlying important traits, such as disease resistance, lactose tolerance, and skin pigmentation, have been identified as targets of local selection (Tishkoff et al. 2006; Voight et al. 2006; Tang et al. 2007; Hancock et al. 2008; Coop et al. 2009; Pickrell et al. 2009) , and several recent studies in Arabidopsis and forest trees have identified genes involved in local adaptation in plants (Wachowiak et al. 2009; Eckert et al. 2010; Ma et al. 2010; Turner et al. 2010; Fournier-Level et al. 2011) . Identifying the genes underlying local adaptation will lead to a greater understanding of how selection shapes functional genomic variation within species, and the degree to which ecological adaptation is achieved through convergent or parallel genetic architecture (Stern and Orgogozo 2009; Elmer and Meyer 2011) .
Population genomic signatures of local adaptation include elevated differentiation among populations (F ST ), decreased polymorphism within populations (expected H e ), or extended linkage disequilibrium relative to neutral expectations (Lewontin and Krakauer 1973; McKay and Latta 2002; Schlotterer 2002; Beaumont 2005; Tang et al. 2007 ). Correctly identifying targets of local adaptation necessitates differentiating the effects of selection from demographic history. Doing so can be challenging because demographic history can be complex and produce patterns of diversity at some neutral genes that resemble expectations from selection, especially for species that have experienced rapid range expansion, recent admixture, or strong changes in effective population size (Nielsen 2005; Excoffier and Ray 2008; Excoffier et al. 2009 ). Moreover, although identifying putative targets of local adaptation is sometimes accomplished by identifying loci in the tails of the distribution of a test statistic, such as F ST (Beaumont and Balding 2004) , the problem of sifting false positives from the true targets of local selection is still challenging. Model-based approaches that separate locus-specific from population-specific effects are effective in reducing the false-positive rate, although the robustness of these approaches are dependent upon the underlying demographic model (Foll and Gaggiotti 2008; Excoffier et al. 2009 ). An alternative, and perhaps more robust, approach for identifying targets of adaptation is to use empirical distributions that account for the variability across the genome (Akey et al. 2002; Nordborg et al. 2005; Garrigan et al. 2010) , for example, using genome-wide reference loci to define the null distribution against which the a priori identified candidate genes are compared. The advantage of this approach is it is free of any particular demographic model.
Balsam poplar, Populus balsamifera L. Salicaceae, is a widely distributed forest tree with a range that spans strong environmental gradients of photoperiod, growing season length, temperature, and precipitation. Across this range, balsam poplar exhibits strong signals of differentiation in phenology and ecophysiological traits that are greater than expected given the demographic history of postglacial range expansion (Keller et al. 2010; Keller, Soolanayakanahally, et al. 2011) . Analyses of range-wide sequence diversity in Populus homologs of the Arabidopsis flowering-time gene network-a key group of genes involved in ecological responses to light, temperature, and growing season length (Mouradov et al. 2002; Lagercrantz 2009 ), uncovered signals of selection in at least one gene and possibly up to four genes consistent with local adaptation between high-and low-latitude environments (Keller, Levsen, et al. 2011) . This gene network is of great interest to plant evolutionary and molecular biologists since it forms the functional basis of many important plant traits, including germination, flowering, and seasonal dormancy (Mouradov et al. 2002; Flowers et al. 2009; Jackson 2009; Lagercrantz 2009 ); thus, understanding how selection acts on these genes at local scales and across environmental gradients is of high priority. However, rangewide samples that are too small to allow for assessment of local adaptation within species, as used in Keller, Levsen, et al. (2011) and characteristic of many samples used to characterize diversity in plant species, are likely to miss many targets of selection among local populations.
Here, we test for evidence of local adaptation among 31 geographically defined subpopulations using single nucleotide polymorphism (SNP) data from 443 individuals sampled from across the species range. We genotyped each of these individuals at 747 SNPs: 335 candidate SNPs in 27 genes from the flowering-time network, and 412 reference SNPs (1 per gene) sampled randomly from across the genome. To search for signatures of local adaptation, we employed two main analytical approaches, one that infers past selection by comparing the strength of population structure among loci and a second that estimates the strength of association between an environmental variable and population SNP frequencies. In each approach, we use reference-SNP distributions to identify those candidate SNPs that show strong evidence for a departure from the genome-wide background, providing robust evidence that candidates have been shaped by past local selection.
Materials and Methods
Balsam polar, Populus balsamifera L., is a fast-growing forest tree that is widely distributed in northern North America. It is an ecological keystone species in boreal forests, where it grows in riparian habitats and moist uplands. In this study, we sampled 443 trees from 31 geographically defined populations (10-18 individuals per population, mean 5 14 from Alaska and Canada; Soolanayakanahally et al. 2009 ). One population IVI in Keller et al. (2010) was represented by only three individuals and therefore was pooled with the geographically and genetically close COT population.
Candidate SNP Genotyping
We genotyped each of the 443 individuals at 335 SNPs and short indel polymorphisms (for simplicity we hereafter referred to these as SNPs, even though 13 are short indels found in 27 flowering-time genes [supplementary table S1, Supplementary Material online]), using Sequenom iPLEX genotyping or direct sequencing. These candidate polymorphisms were chosen from 824 SNPs previously identified in these genes by direct sequencing a range-wide discovery panel of 24 P. balsamifera genotypes (Keller, Levsen, et al. 2011) . From these 824 SNPs, we designed Sequenom multiplexing assays for 176 coding region SNPs both synonymous and replacement and 198 SNPs in introns. We eliminated putative SNPs that did not amplify correctly, 36 SNPs, were monomorphic in our sample, 24 SNPs, or preliminary analyses identified as being heterozygous in nearly every individual assayed and were thus assumed to reflect amplification of paralogs, four SNPs. After filtering, we were left with 310 Sequenom SNPs, with a mean per-allele error rate of 2.1% which we estimated using 13 duplicate samples. We used direct sequencing of the FRIGIDA FRI gene exon 2, intron 2, and exon 3 to assay an additional 25 candidate SNPs; Sequenom assays for this gene were not effective due to the high density of polymorphisms. Reads for FRI were trimmed based on PHRED quality scores, aligned in CodonCode Aligner, and genotypes at 25 SNP positions were called manually from electropherograms. After combining with the Sequenom loci, we had genotype calls for a total of 335 SNPs from 443 P. balsamifera individuals for further analysis. We used data for 412 coding or intron SNPs representing 412 gene models that had been previously assayed on the same 443 individuals (Keller et al. 2010) , as a genomic control (hereafter referred to as reference SNPs) in order to generate empirical false-positive thresholds and to evaluate the sensitivity of the local adaptation analyses to assumptions about demographic history. These 412 SNPs were originally identified from a range-wide discovery panel of 15 individuals (Keller et al. 2010 ). Although we only surveyed a single SNP from each reference gene region, we consider the reference SNPs to be reasonably well matched to the Keller et al. · doi:10.1093/molbev/mss121 MBE candidate gene SNPs because they both derive from a similar sized discovery panel sampled from across the species' distribution, and both SNP sets assayed genic regions that included SNPs from both coding and noncoding intronic or untranslated region sequence. We thus assume that the reference SNPs effectively capture the major patterns in population structure present in the genome and serve as a neutral demographic control for identifying selection acting on the candidate gene SNPs. All reference and candidate SNP genotypes are deposited and available for download at www.popgen.uaf.edu.
Analysis
We used three approaches to scan for signatures of local adaptation. First, we looked for candidate polymorphisms with F ST values greater than expected in the absence of local adaptation using a Bayesian approach described by Foll and Gaggiotti (2008) and implemented in the program BayeScan. BayeScan scans for local adaptation in multilocus allele frequency data by separately modeling a population-specific effect b assuming an island model of demography, and a locus-specific effect a, that is sensitive to the strength of selection acting on a particular locus. For each SNP, BayeScan estimates the posterior distribution under neutrality a 5 0 and separately allowing for selection a 6 ¼ 0 and computes the posterior odds ratio (PO) as a measure of support for the model of local adaptation relative to neutral demography. We ran BayeScan analyses separately on the reference SNPs and candidate SNPs under identical run conditions, consisting of a prior odds ratio of 10 corresponding to a prior belief that a selection model is 1/10 as likely as a neutral model for any given SNP, 20 pilot runs, a burn-in of 50,000 iterations, followed by 50,000 output iterations with a thinning interval of 10 resulting in 5,000 iterations for posterior estimation. To control against false positives, we calculated the expected value of log10PO that yielded a 1% false discovery rate (FDR) based on the reference SNPs-we refer to this as the model-based significance threshold. We also define a reference SNP-based significance threshold as those candidate SNPs with greater population differentiation than all but 1% of the reference SNPs.
Our second approach for identifying targets of local selection was to identify F ST outliers using the hierarchical analysis of Excoffier et al. (2009) , hereafter referred to as the Hierarchical Model, which specifically accounts for coancestry among related subpopulations. We implemented this approach because BayeScan, although shown in simulations to be effective at finding true positives and minimizing the number of false positives (Narum and Hess 2011) , may be biased if there is hierarchical demographic structure in the sample (Excoffier et al. 2009 ). This may be a concern in P. balsamifera because our study populations group into three regional clusters, with the overall variance among populations (6.6%) mostly partitioned among these regions (4.4%) (Keller et al. 2010) . We approached the analysis in two steps. First, we generated the neutral expectation of F ST conditioned on expected heterozygosity using the 412 reference SNPs. To model the hierarchical genetic structure present in P. balsamifera, we specified a three-group model, corresponding to the three regions identified in Keller et al. (2010) . Each simulated group consisted of 100 subpopulations. Simulations were conducted in Arlequin v3.5.1.2 (Excoffier and Lischer 2010) and used 50,000 replicates of the coalescent to identify the expected distribution of F ST values for the reference SNPs. We then used the same approach to calculate F ST on the 335 candidate SNPs. Similar to the approach we used with BayeScan, we defined a model-based significance threshold as F ST values greater than 99% of the F ST values from the simulated data as well as a reference-based significance threshold (hereafter referred to as a reference threshold) as F ST values greater than 99% of the reference SNPs.
Our third approach to identify targets of local selection was the method of Coop et al. (2010) that tests for covariance between candidate SNP frequencies and environmental variables that exceed the expected covariances estimated using reference SNPs. Specifically, we characterized the neutral covariance in population allele frequencies at the 412 reference SNPs among the 31 populations using the mcmc algorithm in the program BAYENV by Coop et al. (2010) . The resulting matrix of population differences X is closely analogous to F ST and captures the pattern of allele frequency variance among populations as expected under genetic drift. The second phase of the analysis then tests for covariance between environmental variables and the population-specific allele counts at a given SNP (b ENV ) while using the reference SNP-derived X as a covariate to control for population history. BAYENV calculates the ratio of the posterior probabilities from each model as a measure of support for the hypothesis of adaptation b ENVP . 0 versus random drift b ENV 5 0. We analyzed each SNP individually and determined the distributions of PO separately for reference and candidate SNPs. Candidate SNPs with log10-PO greater than 99% of the reference SNP values were interpreted as showing strong support for clinal adaptation along the environmental gradient. We relied exclusively on this reference SNP-based approach for identifying outlier candidate SNPs associated with environmental variables.
We used seven environmental variables, chosen to summarize gradients in climate and photoperiod that are hypothesized to be important to fitness across P. balsamifera's widespread distribution, to characterize the abiotic environment from which trees were sampled. These included three geographic variables, degrees North latitude (LT), degrees West longitude (LG), and elevation (EL), and four bioclimatic variables mean annual temperature (AT), maximum temperature of the warmest month (WT), minimum temperature of the coldest month (CT), and mean annual precipitation (AP). Correlations among these variables are in supplementary table S3 (Supplementary Material online). Bioclimatic variables derived from the Worldclim database (Hijmans et al. 2005) were obtained from the International Centre for Tropical Agriculture (http://www.ccafs-climate.org/data/) as downscaled global circulation models based on the Intergovernmental Panel on Climate Change. To reduce the Local Adaptation of Phenology Genes · doi:10.1093/molbev/mss121 MBE dimensionality of the climate data, we also assessed SNPenvironment associations using the first principal component (PC) from a principal components analysis (PCA) that included all seven environmental variables. This new synthetic climate variable explained 59% of the variance, with latitude loading positively and strongly (0.48) on PC1, whereas all other variables loaded negatively (LG 5 À0.39, EL 5 À0.08, AT 5 À0.46, WT 5 À0.35, CT 5 À0.36, AP 5 À0.38). Thus, PC1 described an environmental gradient ranging from cold dry climates at northwestern sites (large PC scores) to warm moist climates at southeastern sites (small PC scores).
In order to more fully investigate how local adaptation may have shaped diversity within each candidate gene and to increase our chances of identifying loci that have been targets of local selection, we assayed multiple SNPs from each candidate gene. However, analyzing multiple SNPs per gene introduces the potential that SNPs identified as outliers are in linkage disequilibrium (LD) with each other and thus not independent. To account for potential nonindependence among SNPs from the same gene that show signatures of local adaptation, we calculated intragenic LD among candidate SNPs using Richard Hudson's ''dipdat'' program for unphased genotype data (http:// home.uchicago.edu/rhudson1/source/misc/dipld/), which is based on the method of Hill (1974) . This method works directly on the SNP frequencies of the genotypes and does not attempt to phase alleles when calculating LD. We considered all pairs of SNPs with r 2 . 0.3 to display evidence of nonindependence even if separated by intervening SNPs within a gene with r 2 , 0.3. Although this cutoff is somewhat arbitrary, it should provide a fairly conservative measure for how often SNPs at two positions are cosegregating. This produced 210 such LD groups, which we used to calculate the percentage of independent outliers in local adaptation scans. Intragenic LD does not affect the reference loci because only a single reference SNP was sampled from each sequenced region. Because our intent was to investigate LD between specific outlier candidate SNPs, we did not apply any minimum allele frequency filter to the SNP data when calculating LD.
Results

Divergence among Populations
BayeScan estimates of population divergence among Populus flowering-time homologs varied widely, with average population F ST of candidate SNPs being slightly higher than reference SNPs (0.077 vs. 0.062, respectively; MannWhitney U test: P , 0.0001). Eight of 412 reference SNPs (1.9%) exceeding the model-based 1% FDR. In contrast, 14 of 335 candidate SNPs (4.2%), representing 6 of 210 independent LD groups, exceeded the 1% model-based falsediscovery threshold for BayeScan, the majority of which (N 5 12 SNPs) also exceeded the reference-based 1% threshold (table 1 and fig. 1 ). Support for selection on candidate SNPs was very strong, with 11 SNPs having log10PO ratios .3 ( fig. 1 ). The locus-specific effect a estimated by BayeScan was also more than twice as large for candidate compared with reference SNPs (mean absolute value of a 5 0.221 vs. 0.102; Mann-Whitney U test: P 5 0.0003).
Population divergence estimated from the Hierarchical Model (Excoffier et al. 2009) 
SNP-Environment Associations
Bayesian tests of SNP-environment associations identified 45 candidate SNPs representing 24 of 210 independent LD groups. LD groups defined by SNPs with r 2 . 0.3 with log10PO greater than all but 1% of reference SNPs for at least one environmental variable (table 1) . On average, each environmental variable was significantly associated with 14 candidate SNPs and 15 SNPs were associated with the first PC from the PCA on the seven environmental variables. 
Comparison of Methods
The two F ST outlier approaches we used to test for local adaptation, BayeScan and the Hierarchical Model, together identified 39 locally adapted SNPs using model-based thresholds-13 of which were common to both approaches, 1 was identified only by BayeScan, and 25 were identified only by the Hierarchical Model. Several SNPs with low posterior probabilities of selection from BayeScan analyses were iden- Although our ability to characterize the extent of local adaptation is partially complicated by LD among SNPs in our candidate genes, comparison of the apparent extent of local adaptation uncovered by each of the three methods is similar whether we look at SNPs, LD groups, or genes. For all three classes, the greatest number of genomic features identified as targets of local selection come from BAYENV and the Hierarchical Model and the fewest from BayeScan. Moreover, regardless of whether one looks at SNPs, LD groups, or genes, the number of SNPs identified as putative targets of selection by the model-based versus referencebased significance thresholds was far greater for the Hierarchical Model than for the BayeScan approach (table 1).
Discussion
Determining the genetic basis of ecological local adaptation within species is an emerging theme in population genetics. The effects of selection and demography on population genetic variation can be quite different at local scales compared with the species-wide scale (Moeller et al. 2007; Städler et al. 2009 ). Species-wide samples will not show standard signatures of selective sweeps when selection acts locally, especially for genes that contribute to variation in polygenic traits (Kelly 2006; Pritchard and Di Rienzo 2010; ). As such, range-wide samples that lack in-depth sampling of subpopulations may provide little Local Adaptation of Phenology Genes · doi:10.1093/molbev/mss121 MBE power for detecting evidence of local adaptation, which is extremely common in plants (Leimu and Fischer 2008) and particularly forest trees (Petit and Hampe 2006; Savolainen et al. 2007; Neale and Ingvarsson 2008) . However, such indepth sampling at the population scale opens up a host of other challenges related to population structure and the covariance between demographic history, environmental gradients, and genetic divergence among populations. Addressing the question of local adaptation at the genetic level requires not only dense population-level sampling that captures how functional genetic variation shifts across ecological gradients but also a careful approach to MBE identification of genes under selection from the background of neutral demographic history. Our study addresses the challenge of detecting ecologically important genetic variation under local selection by combining broad population-level sampling across the widespread range of P. balsamifera with paired genetic data sets that separately estimate the effects of selection on a well-studied gene network controlling phenology while independently controlling for demographic history using genome-wide reference gene SNPs. Our analyses suggest that over half of the 27 phenology candidate genes we examined harbor SNPs with frequencies that have been shaped by geographically variable selection. Linkage disequilibrium between SNPs within candidate genes generates some nonindependence among outlier SNPs, but this does not appear to affect our overall conclusions since gene-wide LD measured as Kelly's ZnS was not different among genes putatively under local selection (ZnS 5 0.123) compared with those not under local selection (ZnS 5 0.127 Mann-Whitney U test; P 5 0.751). Regardless, our results suggest that a large portion of the flowering-time network has been subject to strong positive selection.
A major agent of the selection we detected has probably been local differences in climate and growing season length across balsam poplar's geographic range (Keller, Soolanayakanahally, et al. 2011) ; the majority of the SNPs we identified as targets of selection are strongly associated with latitude, temperature, or precipitation (table 2). Other environmental sources of selection (biotic or abiotic) probably also contribute to some of the population divergence observed, for example, two genes (CKB3.4 and EBS) show high F ST but no SNP-environment associations. Our results, along with other recent studies, suggest that comparing population-level diversity of candidate genes to variation in the genomic background can start to unravel the genetic basis of local adaptation (Hall et al. 2007; Moeller and Tiffin 2008; Baxter et al. 2010; Turner et al. 2010; Xia et al. 2010; Fournier-Level et al. 2011) .
Most of the putative targets of local selection we identified were not identified as targets of selection in a previous analysis of a species-wide sample of 24 individuals (Keller, Levsen, et al. 2011) , in which only three genes, EBS, FRI, and LFY, showed elevated nucleotide diversity or latitudinal differentiation (Keller, Levsen, et al. 2011) . Furthermore, GI5 and PIF3.1, the two genes with the most consistent signal of local adaptation in this study, showed no evidence in the specieswide sample of deviating from genomic background levels of nucleotide diversity, Tajima's D, or latitudinal differentiation. Not surprisingly, the contrasting results from the population genomic analysis of SNP genotypes used here and that of the species-wide sample of sequence diversity reported in Keller, Levsen, et al. (2011) suggest that our ability to characterize adaptive evolution in the genome is directly related to the scale of sampling. Moreover, the importance of sampling suggests that selection may be a strong force shaping plant genomic variation even if species-wide studies reveal little evidence for selection driving fixation of mutations between species (Flowers et al. 2009; Gossmann et al. 2010; Keller, Levsen, et al. 2011 ).
Targets of Local Selection
The gene that showed the strongest and most consistent evidence for ecological adaptation across all of our analyses was the central circadian clock gene, GIGANTEA 5 (GI5). Population structure was highly elevated among GI5 SNPs, and there were also strong patterns of covariance with multiple environmental variables, especially latitude and precipitation. Of the 13 GI5 SNPs that were significant in one or more of the local adaptation scans, 3 were nonsynonymous changes, all of which are in strong LD with each other, r 2 . 0.8. In fact, the GI5 gene contains two divergent groups of haplotypes, with LD extending up to 10 kb (supplementary fig. S4 , Supplementary Material online), suggesting that one or more episodes of selection affected polymorphism along the entire length of GI5. GI is directly involved with light signaling to the circadian clock via interactions with phytochromes and is also an upstream regulator of the major floral genes CONSTANS (CO) and poplar FLOWERING LOCUS T (PtFT1) (Mizoguchi et al. 2005; Böhlenius et al. 2006; Oliverio et al. 2007; Hsu et al. 2011) . These roles are consistent with the statistical association between GI5 SNPs and latitude, which is closely correlated with seasonal photoperiod and suggests that GI5 contributes to circadian clock-mediated adaptation through sensing of the day length (Fowler et al. 1999; Böhlenius et al. 2006; Jackson 2009; Lagercrantz 2009 ). Additional evidence for a role of GI5 in local adaptation comes from cosegregation of GI5 and bud set quantitative trait locus (QTL) in hybrid poplar mapping populations (Rohde et al. 2011) , coupled with strong latitudinal clines for bud set in balsam poplar (Keller, Soolanayakanahally, et al. 2011) .
The remaining genes that showed significant signals of local adaptation constituted a wider variety of functional roles, including abscisic acid production (ABI3, ABI1B, and ABI1D), light signaling to the circadian clock (ZTL2, ELF3, and PIF3.1), and temperature-dependent responses such as vernalization (FRI) Associations with latitude at subset of four representative SNPs located across the length of the GI5 gene; SNP frequency was scaled by the SNP that was most frequent in the northernmost population.
Local Adaptation of Phenology Genes · doi:10.1093/molbev/mss121 et al. 2011) . Interestingly, the two paralogs of FT in poplar PtFT1 and PtFT2 have recently been shown to control different phenological traits, with PtFT1 primarily responsible for reproductive timing and sensitivity to winter temperatures (Hsu et al. 2011) , consistent with the environmental association we uncovered between PtFT1 and temperature of the coldest month.
MBE
Interestingly, of the three phytochrome genes we studied, PHYA, PHYB1, and PHYB2, there was little evidence of local adaptation. By contrast, phytochromes have been implicated as targets of local adaptation to different seasonal environments in several other species including the closely related P. tremula (Ingvarsson et al. 2006; Ma et al. 2010; Hall et al. 2011) as well as Arabidopsis thaliana (Samis et al. 2008) , Cardamine nipponica (Ikeda et al. 2009 ), and Arcteria nana (Ikeda and Setoguchi 2010) . The lack of evidence for local adaptation in phytochromes of P. balsamifera therefore suggests that convergent phenotypic adaptations in phenology have been achieved through different genetic targets, even between the closely related P. tremula and P. balsamifera.
Comparing Methods to Identify Locally Adapted Genes
The different signatures left by local selection, as well as varying assumptions about demography, have led to the development of diverse methods for detecting local adaptation from genotype data. Traditionally, tests for extreme allele frequency divergence (F ST ) have been used as evidence of local adaptation (Lewontin and Krakauer 1973; Beaumont 2005) , and we employed two recent versions of these tests, one that explicitly models a hierarchical population structure (Excoffier et al. 2009 ) and another that uses a Bayesian approach to separate locus-specific effects of selection from population-specific effects of demography (Foll and Gaggiotti 2008) . As an alternative to these F ST -outlier tests, we also searched for associations between candidate SNPs and variation in the abiotic environment, as this approach may be more sensitive to subtle shifts in allele frequencies and has the potential to reveal ecological agents of selection Hancock et al. 2010 Hancock et al. , 2011 . We found large variation among these three methods (supplementary table S2, Supplementary Material online), and only 11 of the 46 SNPs, representing three LD groups, exceeded the reference threshold criterion for local selection and were identified as targets of local selection by more than one method. The Hierarchical Model identified a large number of candidate SNPs as outliers in model-based tests that were not identified by the other methods. Because the Hierarchical Model also identified a large number of reference SNPs as outliers, it is likely that this method did not adequately model the demographic structure of P. balsamifera, resulting in a high rate of false positives.
A large number of outliers were also identified by the SNP-environment association analysis, BAYENV. These included SNPs in the meristem identity gene LEAFY (LFY), which were significantly associated with latitude and multiple temperature environmental variables and showed elevated nucleotide diversity in the species-wide sample (Keller, Levsen, et al. 2011 ), yet were not significant in the F ST outlier analyses. The large number of outliers was probably influenced in part by correlations among climate traits, although there was still a high frequency of SNPenvironment associations after accounting for nonindependence among environmental variables with PCA (table 1) . Furthermore, the overall weak values of log10PO for the reference SNPs would seem to argue against a high false-positive rate. Other studies have argued that selection on individual SNPs or even QTL may be difficult to detect using traditional scans for elevated F ST (Latta 2004; Kelly 2006) , and recent work in humans and in P. tremula have found several genes that showed evidence of SNPenvironment associations but were not outliers in analyses of population structure (Hancock et al. 2010; Ma et al. 2010 ). This may suggest that detecting subtle allele frequency clines along environmental gradients, when properly controlling for effects of neutral demography, may represent a powerful complement to F ST -based outlier analyses when testing for local adaptation .
